Symbiotic N 2 fixation research thus far has been primarily focused on selection of bacteria. However, little progress in impacting crop yields has resulted from this approach. Bacteria introduced in field soils rarely compete well with indigenous bacteria, including mutated lines selected for high nitrogen fixation capacity. Consequently, introduction of 'elite' bacteria in fields commonly does not result in crop yield increase. This review highlights that the primary regulation of N 2 fixation is a result of response of integrated physiological activity at the plant level. Nitrogen feedback from the host plant plays an important role in regulating the N 2 fixation rate. Rapid sequestration of fixed nitrogen by the plant is especially important for high N 2 fixation activity. In addition, water cycling in the plant between the shoot and nodules plays a key role in sustaining high N 2 fixation activity. Therefore, attention in selecting the host-plant genotype is suggested to be the next step to increasing N 2 fixation activity of grain legumes.
Introduction
The global energy crisis in the early 1970s sparked major efforts to decrease fossil fuel consumption, including in agriculture. One major target was enhanced legume N 2 fixation activity so as to decrease the need for the application of nitrogen fertilizer in crop production. Hence, there were major efforts to seek solutions for increasing symbiotic N 2 fixation rates (Hardy, 1994) . However, no important agricultural advances resulted from this research (Henzell, 1988; Shiferaw et al., 2004) .
Even with nearly a half century of research, the need to decrease the dependence on nitrogen fertilizers is probably now greater than it was in the 1970s. Both the cost and the environmental impact of nitrogen fertilizer is a major concern in virtually all cropping systems. Yet, the application of the latest biological innovations, including application of molecular genetic approaches, has still not resulted in any major impact on grain legume production. In this review, it is suggested that a new perspective is needed in understanding the limits on symbiotic N 2 fixation and in developing new opportunities to improve N 2 fixation production by grain legumes. The underlying conclusion of this review is that the emphasis of past N 2 fixation research on bacteria needs to shift to the host plant.
Much of the N 2 fixation research initiated nearly 50 years ago was focused on the bacteria partner in the bacteria-plant symbiosis, which at the time appeared logical and the results could seemingly be readily applied in growers' fields. Even the recent International Congress on Nitrogen Fixation (September 2017, Granada, Spain) reflected this continuing trend with only one plenary session out of seven considering plant physiology and crop productivity. Unfortunately, the returns on bacterial research have been very modest, except for lands that were essentially virgin of commercial grain legume production. The lack of benefit from bacterial improvement has occurred because it proved to be very difficult to introduce into agricultural fields bacteria that were competitive with indigenous bacteria, able to sustain populations in natural environments, and ultimately had a capacity for up-regulation of N 2 fixation rates. Some of these challenges are discussed in the first sections of this review.
The role of the host plant in regulating N 2 fixation activity has commonly been given minor consideration. Due to the challenges in tracking nodulation and N 2 fixation activity, breeding programs have essentially disregarded plant traits that might be associated with increased N 2 fixation capacity. It is becoming increasing clear, however, in more recent research on legume N 2 fixation that it is the host plant that has a dominant role in regulating N 2 fixation. To increase N 2 fixation activity, it now appears necessary to select plant genotypes that have the growth and physiological capacity to support increased nitrogen input to the plant. The regulatory mechanisms active in plants that control N 2 fixation rates and the opportunities to increase N 2 fixation rates are discussed in later sections of this review.
Bacteria introduction to virgin soils
Soil is a very hostile and competitive environment in which microorganisms are struggling for resources in occupying specific niches. Since the natural microbial community becomes well adapted to a particular soil environment, exogenous microorganisms are seldom able to displace a native population and occupy its niche (Nazir et al., 2013) . For example, a decrease of 99% in an introduced bradyrhizobial population was observed after the first cropping cycle of soybean [Glycine max (L.) Merr.] in a soil originally devoid of soybean-nodulating bradyrhizobial populations (Zilli et al., 2013) . Hence, a key issue is the ability to introduce 'elite' bacteria that will result in the establishment of a minimum population density to alter plant-microbe interaction effectively (Barea et al., 2005) .
One of the challenges is the rapid adaptation of inoculated or even dispersed bacterial strains to different environments (Ferreira and Hungria, 2002; Mendes et al., 2004; Loureiro et al., 2007) . The rhizobial genome is highly plastic, leading to genetic recombination that may even be accelerated under stress conditions, as in tropical soils. However, introduced bacterial strains that adapt to a new area may not necessarily be the most effective in fixing N 2 . For example, the strain SEMIA 566 of Bradyrhizobium japonicum has been used as an inoculant for soybean in southern Brazil since the 1960s. This strain was robust in increasing nodulation but was subsequently found in the field to be among the poorest in supporting plant nitrogen accumulation (Hungria et al., 1998) . Interestingly, in a survey of soybean nodules in the northern Cerrado of Brazil, this strain was found to occupy ~70% of the nodules, although the sample site was thousands of kilometers away from the southern area where it had been used as an inoculant (Vargas et al., 1994) . These observations indicated that an adapted bacterium can be highly competitive and readily dispersed by wind and rain (Ferreira and Hungria, 2002) , but may contribute little or nothing to production of increased N 2 fixation.
Not surprisingly, therefore, there are large differences between the N 2 fixation potential of microorganisms selected under controlled conditions and their performance in realworld conditions. There are several examples of failures in the performance of elite bacteria when introduced in the field (Dobbelaere et al., 2001) . Studies on the selection of rhizobial strains for tolerance to high temperatures have not correlated with field responses (Hungria and Vargas, 2000) . The lack of effect can be explained by a myriad of interactions at the chemical (e.g. pH, availability of nutrients, energy sources, and salinity), physical (e.g. availability of water, temperature, and aeration), and biological (e.g. antibiosis, predation, parasitism, etc.) levels. Several adverse factors may lead to a progressive decline of introduced microorganisms, thus impairing the promising responses observed under controlled conditions (O'Callaghan et al., 2001; Strigul and Kravchenko, 2006) . Nevertheless, there is some encouragement about the possibility of bacterial inoculation into soils initially devoid of soybean-nodulating rhizobia over successive soybean (Glycine max) cropping cycles (Galli-Terasawa et al., 2003; Silva-Batista et al., 2007) . In the study by Mendes et al. (2004) , with inoculation of a soil without indigenous bradyrhizobia in four successive years, the number of soybean-nodulating rhizobia was 10 3 bacteria g -1 soil after three cropping cycles, increasing to 10 5 bacteria g -1 soil after five cropping cycles in a soil initially devoid of soybean bradyrhizobia.
Introduction of bacteria to agricultural soils
Bacterial inoculation of soils on which soybean has been previously grown has generally resulted in little or no increase in nodulation or crop yield (Elkins et al., 1976; Schulz and Thelen, 2008; De Bruin et al., 2010; Mason et al., 2016) . Specifically, attempts to introduce elite rhizobia populations into soils with established bradyrhizobia populations have shown little success. A mutant bradyrhizobia bacteria line with 100% greater specific N 2 fixation activity than the wild type in controlled environments showed no soybean yield increase as compared with indigenous bacteria in a 2 year field test (Williams and Phillips, 1983) . In field tests of bradyrhizobium strains with the Hup+ characteristic for improved energy efficiency in the nodule, there was no yield increase as compared with strains without the characteristic (Hup-) (Hume and Shelp, 1990) . There is little convincing evidence that introduction into the field of genetically manipulated bacteria has resulted in yield increase (Thies et al., 1991; Keyser and Li, 1992) .
Again, genetic stability of introduced bacterial strains is a problem when inoculations are applied to agricultural soils. In Brazil, tests showed substantial bacterial mutation when bacteria were re-isolated from Brazilian soils several years after inoculation. In the southern region of Brazil, 38% of the isolates obtained after 17 years were unknown in relation to the original inoculated strain (Ferreira et al., 2000) , whereas in the tropical region of the Cerrados, the number of isolated strains unrelated to the originally inoculated strains was 50% in the same period (Galli-Terasawa et al., 2003; Silva-Batista et al., 2007) .
Annual re-inoculation of bacteria in Brazil at sowing with more effective N 2 -fixing strains is necessary to compete with the established strains and increase the nodule occupancy by more effective strains. In fact, the inoculation of a highly saprophytic and effective N 2 fixation strain (SEMIA 5079=CPAC 15) was a strategy to prevent the colonization by competitive but less effective N 2 -fixing bacteria strains in new soybean areas, especially in the Cerrados (Mendes et al., 2004) .
Overall, inoculation of soils containing established populations of rhizobia has proven to show little or no response. In the citations above, experimental results showed that annual inoculation (or re-inoculation) of soybean in Brazil and Argentina has resulted in an average gain in yields of only 6-8%, and responses in the USA have been mostly neutral. The small but significant benefit gained in Brazil might occur to overcome decreasing populations of introduced bacteria in the soil due to the harsh environmental conditions, particularly water deficit, during the period between growing seasons. For this reason, annual inoculation with elite bacterial strains is suggested in Brazil even thought very modest yield increases are expected.
Host regulation of N 2 fixation rate
In addition to the challenge of establishing new bacteria in the soil, there is increasing evidence that the role of bacteria in determining the N 2 fixation rate may be overshadowed by processes dependent on the host plant. There are several possibilities to explain the dominant role of the host plant in regulating the N 2 fixation rate. Briefly reviewed here are regulatory hypotheses related to the flow of oxygen, nitrogenous compounds, and water in the nodule and plant.
Bacteria-derived bacteriods, which provide nitrogenase to catalyze the primary step in gaseous nitrogen fixation, are located in special cells in the interior volume of nodules (Fig. 1) . Since nitrogenase is inactivated by oxygen, nodules provide a special structure within which oxygen is maintained at suitably low concentrations. Much of the regulation of oxygen concentration occurs at the inner cortex of the nodules in a continuous layer of two or three cells immediately surrounding the central volume (Minchin, 1997) . The oxygen permeability of the inner cortex varies in response to various conditions (e.g. Weisz et al., 1985) so that the oxygen concentration in the interior nodule is fairly stable in the range of 5-60 μmol m -3 (Millar et al., 1995) . Consequently, the adjustments in the permeability of the oxygen barrier are one possibility for regulation by the host plant of the N 2 fixation rate (Serraj et al., 1999; Sulieman and Tran, 2013) .
It is not clear, however, whether adjustment in the oxygen permeability of the inner cortex is the primary regulator of N 2 fixation or whether the permeability adjustments are in response to triggers from other variables in the nodule. Two frequently considered prime regulators are the availability of carbon resources or accumulation of nitrogen products in the nodule. However, most evidence now indicates that carbon availability in nodules is commonly not limiting the N 2 fixation rate (Gonzalez et al., 2015) . Much more emphasis to explain regulation of nodule N 2 fixation has ben given to the accumulation of nitrogenous compounds in nodules as invoking potential feedback control of the N 2 fixation rate. The accumulation of nitrogenous compounds can result either from synthesis in the nodules or from transport from the plant shoot (Fig. 2) . Initial experiments involving the feeding of plants with inorganic nitrogen supported the idea of transported nitrogenous compounds being of potential importance. Neo and Layzell (1997) reported decreased N 2 fixation (Serraj et al., 2001) . ALN, allantoin; ALAC, allantoic acid; Asn, asparagin; Nase, nitrogenase.
activity that was associated with increased amino acids and amides in the phloem sap. Similar decreased N 2 fixation activity was found with accumulation of amino acids and amides in nodules (Bacanamwo and Harper, 1997; Sulieman et al., 2010) . Vadez et al. (2000) reported feeding experiments with soybean plants in which hydroponic solutions were supplied with increased concentrations of asparagine or allantoic acids. In these feeding experiments, N 2 fixation activity was depressed and nodule concentrations of asparagine, aspartate, and uriedes were increased. King and Purcell (2005) subjected soybean plants to a water deficit treatment that resulted in substantial decreases in the N 2 fixation rate and in increases in concentrations of nodule asparagine, aspartate, and uriedes. However, 2 d after re-watering plants, King and Purcell (2005) observed that N 2 fixation rates had nearly fully recovered, while nodule aspartate and especially asparagine levels were still at high levels. They concluded that asparagine was not the primary inhibitory signal for N 2 fixation. In contrast, however, Sulieman and Tran (2013) concluded in a review on regulation of N 2 fixation that asparagine was a likely candidate for affecting the nitrogen feedback response. There is as of yet no general consensus about the specific nitrogen compound that could be the critical feedback regulator of N 2 fixation rate.
An option for regulation of nodule N 2 fixation, which has not been considered in detail previously, is based on water flux to and from nodules. Nitrogen-fixing nodules are somewhat unusual in that nearly all the water that flows into the nodule is a result of plant phloem flow (Walsh, 1995) . Therefore, the amount of water flowing from nodules in the xylem is intimately linked to phloem flow into the nodules. Any plant disruption resulting in decreased phloem flow, and consequently decreased xylem flow from the nodule, may result in a cascade of changes in nodules. These changes could include availability of carbon in the nodule, accumulation in the nodules of various nitrogenous compounds, and decreased turgor of the inner cortex cells resulting in decreased oxygen diffusion into the nodule. An additional sensitivity to decreased water flow to the nodule could be a loss of turgor in the vascular parachyma cells that are responsible for transporting amino acids and/or ureides into the apoplast for loading of the nodule xylem (Carter and Tegeder, 2016) . Loss of turgor could account directly for less loading of the xylem (Wolswinkel and Ammerlaan, 1984) and an accumulation of nitrogenous compounds in the nodule.
Dependence of nodule activity on phloem flow offers a potential explanation of the high sensitivity of N 2 fixation activity to soil drying often observed in grain legumes (Sinclair and Vadez, 2012; Gonzalez et al., 2015) . Phloem flow is highly dynamic and depends on several factors. One important factor can be the exchange of water within the vascular bundles in the stem and root between the phloem and xylem. The two vascular elements are not hydrologically isolated from each other so that water moves from the higher hydrostatic pressure of the phloem to the lower hydrostatic pressure of the xylem (Sevanto, 2014) . The amount of water flow depends on hydrological conductance between cells and on the hydrostatic pressure gradient between the two vascular tissues. As the xylem hydrostatic pressure in the roots and stem decreases with soil drying, the increased gradient between the phloem and xylem in the root and stem will result in increased water flow to the xylem from the phloem. The loss of water from the phloem will hypothetically result in decreased phloem flow into the nodule, and, consequently, trigger changes in the nodule resulting in decreased N 2 fixation activity.
The above hypothesis also allows the possibility that N 2 fixation activity is more sensitive to soil drying than the transpiration rate. Nitrogen fixation as proposed in the above hypothesis is sensitive to gradients in hydrostatic potential between adjacent phloem and xylem cells in the stem and root, while transpiration rate sensitivity to soil drying is dependent on the overall hydraulic potential gradient from the soil to guard cells. The transpiration rate decreases when the hydraulic conductance in the water pathway, especially the decreasing hydraulic conductance of the soil (Sinclair, 2005) , decreases to a threshold where water flow in the soil and through the plant cannot match the ambient transpiration rate. Hence, the N 2 fixation rate and transpiration rate are dependent on different hydraulic gradients and conductances: N 2 fixation is dependent on the hydraulic gradient and conductance between adjacent phloem and xylem cells in the stem and root, and transpiration is dependent on the overall hydraulic gradient and conductance in the pathway from the soil to guard cells. If decreasing xylem hydrostatic pressure causes increased water transfer from the phloem to the xylem with soil drying before the threshold soil water content causing the decreased transpiration rate, then the conditions are in place for expression of differential sensitivity to soil drying. Unfortunately, there is at this time no direct experimental evidence to resolve this hypothesis, although Purcell and Sinclair (1995) found that addition of polyethylene glycol to the root solution below the nodulation zone resulted in decreased acetylene reduction activity within 4 h after treatment.
One attribute of the phloem flow-based hypothesis influencing N 2 fixation activity is that it is consistent with 'local' control of the N 2 fixation rate observed in split-root experiments (Gil-Quintana et al., 2013) . The N 2 fixation activity of nodules attached to roots in the well-watered split of the split-root system was observed to be unaffected by soil drying of the waterdeficit split. However, N 2 fixation of the water-deficit split was decreased, which could be predicted as a result of increased water flow from the phloem to the xylem in the roots in the waterdeficit split. The water loss from the phloem to the xylem in the water-deficit roots would probably result in decreased water flow to the nodules of the water-deficit split and, as discussed above, this could lead to the cascade of changes in the nodule resulting in decreased N 2 activity. 'Local' control from the perspective of the phloem flow hypothesis can be interpreted as a response to differences in phloem flow to specific nodules.
Increasing N 2 fixation input

Non-stressed conditions
Given that low nitrogen concentrations in the phloem feeding back to nodules seems critical to sustaining high N 2 fixation rates, increasing N 2 fixation rates may be dependent on mechanisms that sequester nitrogen in the plant shoot and minimize nitrogen feedback to nodules. That is, a high 'demand' for nitrogen by the host plant is necessary to avoid a nitrogen feedback signal to the nodules. Nitrogen demand can be maintained at a high level either by establishing a high concentration of sequestered nitrogen in the plant shoot components, or by increasing the total size of the plant.
Increasing plant size may be an especially rewarding approach to increase N 2 fixation activity, and may contribute in other ways in plant selection for increased yield. A high correlation has been found between plant leaf area and N 2 fixation activity, and between shoot mass and N 2 fixation activity measured on soybean plants growing in the field . Early plant vigor with rapid leaf area development is a direct approach to increase plant size and nitrogen demand. An extended vegetative phase also allows for a period of greater nitrogen accumulation in the plant. Increased plant density could also result in a greater plant mass per unit land area, and hence, greater potential for N 2 fixation activity per unit land area. In the experiment of De Luca et al. (2014) decreasing soybean plant density in the field from 32 plants m -2 to 8 plants m -2 resulted in similar grain yield so that N 2 fixation activity per plant was able to increase at least 4-fold at the lower density as compared with the high density.
In farming systems where a cereal crop following a grain legume crop may depend to a large extent on residual organic nitrogen from the legume crop, legume N 2 fixation activity might be enhanced by sustaining high N 2 fixation rates during seed growth. Commonly, once seeds start to grow rapidly on grain legume plants, there is a decrease in N 2 fixation activity, presumably due to an eventual decrease in photosynthate transport to nodules. If plant alterations were made to limit seed growth so more photosynthate is delivered to nodules, then overall N 2 fixation activity might be sustained at a higher rate into the reproductive growth period and increase the overall amount of fixed nitrogen. Of course, this approach to increasing N 2 fixation would probably result in less photosynthate for seeds and, hence, lower grain legume seed yield. However, the loss in seed yield might be offset by the greater amounts of nitrogen accumulation in the vegetative plant resulting in vegetative mass with greater nitrogen concentration for higher quality fodder for animals or green manure for the following cereal crop (Sinclair and Vadez, 2012 ).
An additional strategy to increase crop N 2 fixation input, co-inoculation with Azospirillum, has proven to be promising in stimulating N 2 fixation activity in legume crops Souza and Ferreira, 2017) . Plant growth-promoting Azospirillum bacteria when sprayed on rhizobia-inoculated common bean (Phaseolus vulgaris L.) as compared with only rhizobia inoculation resulted in a 31% increase in shoot mass (Souza and Ferreira, 2017) , which may have stimulated upregulation of the N 2 fixation rate. Nodule mass was increased by 25% and seed yield was increased by 26%. In soybean, it was found in the field that the combination of Azospirillum and Bradyrhizobia as compared to solely bradyrhizobia treatment resulted in increased nitrogen accumulation but shoot mass accumulation was unaffected, and there was no response under sterile greenhouse conditions (Chibeba et al., 2015) .
Water-deficit conditions
As discussed previously, accumulation of the products of N 2 fixation in nodules can invoke a depression in the N 2 fixation rate. As hypothesized earlier, decreased phloem flow from the host plant to the nodules can result in a decreased delivery of water that in turn may limit removal of nitrogen products from the nodules. In soybean and cowpea (Vigna unguiculata) , where N 2 fixation rates are commonly high, rapid transport of nitrogenous products from the nodules may be especially important. Therefore, high amounts of water cycling through the nodules are likely to be needed to avoid limitation on N 2 fixation activity. This is consistent with the high sensitivity of N 2 fixation in these species to soil drying (Sinclair and Serraj, 1995; Sinclair et al., 2015) . Figure 3b illustrates that the N 2 fixation rate commonly decreases in soybean at high soil water content, defined in this case as the fraction of transpirable soil water remaining in the soil.
A major effort has been underway in the USA to minimize the impact of drought on soybean N 2 fixation productivity. Early on it was discovered that the cultivar 'Jackson' exhibited more drought tolerance in its N 2 fixation activity than all other tested cultivars (Sall and Sinclair, 1991) , which was associated with lower ureide concentration in the shoots than other genotypes (King and Purcell, 2005; Charlson et al., 2009) . A breeding program using Jackson as a parent led to the release of two high yield, high N 2 fixing, drought-tolerant lines (Chen et al., 2007) . More recently, genotype 'PI 471938' was discovered to exhibit even greater N 2 fixation drought tolerance than Jackson (Fig. 3a) (Devi and Sinclair, 2013) . Several elite breeding lines with N 2 fixation drought tolerance have now been developed using PI 471938 as a parent (Devi et al., 2014) , and one line has been recently released as a variety . The techniques developed in these past studies offer approaches for further development of N 2 fixation drought tolerance in soybean, and in other legume species (Sinclair et al., 2015) .
Simulation studies have indicated that increasing N 2 fixation drought tolerance in soybean will probably result in yield increases across the USA and Africa. The probability of yield increase was ≥85% in the 50 simulated years at nearly all locations in the USA (Fig. 4) (Sinclair et al., 2010) . In Africa, yield increase was simulated for ≥85% of the years in many locations and for ≥70% for most of the locations .
Phosphorus-deficient conditions
Phosphorus deficiency severely retards both plant growth and N 2 fixation activity in grain legumes. There are two apparent methods whereby phosphorus deficiency would result in low N 2 fixation activity. Since nodules are sites of high rates of energy transfer to support N 2 fixation, low levels of phosphorus in the nodules could seemingly result directly in low N 2 fixation rates. The second method of limitation could be a feedback mechanism in which low shoot growth as a result of low plant phosphorus intake results in a decreased demand for nitrogen.
Nodules, in fact, under sufficient phosphorus conditions commonly have the highest phosphorus concentrations in the plant (Pereira and Bliss, 1987) . Also, nodules are able to maintain high levels of phosphorus under phosphorus-deficient conditions except for extreme deficiency treatments (Pereira and Bliss, 1987; Sa and Israel, 1991; Kouas et al., 2005; Miao et al., 2007; Sulieman and Tran, 2015) . In addition, even under severe phosphorus deficiency, Sa and Israel (1991) did not find a decrease in the energy charge or ATP concentration in the bacteroid fraction of soybean nodules, and only comparatively small decreases for whole nodules. Not surprisingly, the potential specific N 2 fixation rate was little affected by phosphorus deficiency (Sa and Israel, 1991; Vadez et al., 1997) . Therefore, there appears to be little evidence that a phosphorus deficiency has a direct metabolic role in nodules in limiting N 2 fixation capacity.
It appears that the main influence of phosphorus deficiency on the N 2 fixation rate may be a feedback regulation through elevated nitrogen levels as a result of low plant growth. Under low phosphorus conditions, plant growth is severely limited even though nodule phosphorus levels are decreased little or not at all (Pereira and Bliss, 1987; Kouas et al., 2005) . In a comparison of common bean genotypes, Vadez et al. (1999) found under phosphorus deficiency that genotypic variability in the amount of nitrogen fixed was closely correlated with the mass of various plant components. Ribet and Drevon (1995) found in soybean that N 2 fixation capacity per unit nodule mass was unchanged under severe phosphorus deficiency even though both shoot and nodule mass were greatly decreased. Bargaz et al. (2011) observed that under phosphorus-deficient conditions, nodule oxygen permeability was decreased, indicating the possibility of feedback limitation on the N 2 fixation rate. To overcome the phosphorus limitation if possible, selection of plants with enhanced overall plant growth under phosphorus deficiency seems to be a viable approach to minimize a nitrogen feedback limitation in the nodules. Fig. 4 . Simulated soybean yield response to increasing N 2 fixation tolerance to soil drying (Sinclair et al., 2010) . (a) The probability of yield increase over the 50 years of simulations. The absolute yield increase simulated for each gird location at (b) 75%, (c) median, and (d) 25% percentile ranking of yield change at each grid location.
Conclusions
There appears to be a major role in the regulation of N 2 fixation activity for integrated processes expressed in the host plant. The whole-plant system can influence the N 2 fixation rate as a result of water and nitrogen flow to the nodules in the phloem, and nitrogenous compounds flowing from nodules in the xylem. The nitrogen feedback to nodules can seemingly be minimized by increasing the overall plant demand for nitrogen that results in nitrogen sequestration in the plant shoot. Since nitrogen feedback in nodules is hypothesized to be a critical regulation point, the phloem flow rate to deliver water to nodules for supporting water flow from nodule in the xylem could be an important control point. Disruptions of phloem flow to nodules can result in a cascade of changes in nodules that may include accumulation of nitrogenous compounds in the nodules associated with a decreased N 2 fixation rate. The great sensitivity to soil drying exhibited by some grain legumes may also be a result of decreased phloem flow to nodules and accumulation of nitrogenous compounds. A better understanding of the dynamics of phloem flow and the water budget in the plant could lead to new approaches to increase N 2 fixation rates of grain legumes under both under non-stressed and drought conditions.
